Soils with low organic matter and modest biological activity exhibit a reduced capacity to produce goods and services. The use of biochar as a soil amendment has been suggested as a way to increase soil productivity thanks to its physical and chemical characteristics. These properties lead to its possible use as a structural support and a habitat for microorganisms. This study investigated the role of biochar, produced from olive mill pomace at the Mediterranean Agronomic Institute of Bari by a slow pyrolysis process, as a carrier of two microbial communities extracted from a fertile soil and a commercial compost. This study aims to highlight the relationship between the physical structure of biochar and the potential microbial community and to evaluate the use of charged biochar as a carrier of microflora. The inoculation of agricultural soil with biochar seems to have no effect on the total aerobic heterotrophic microflora evaluated with the plate count method. Nevertheless, scanning electron microscope (SEM) images show the presence of biofilm, thus suggesting an early stage of colonization. Despite the short time of incubation of microbial charged biochar in the studied soil, the microbial biomass C and N increased, suggesting a beneficial effect of this amendment.
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T he Food and Agriculture Organization (FAO) estimates that to maintain the current global food availability for an increasing population by 2050, an additional million tonnes of cereals and 200 million tonnes of meat would be needed compared to the current food supplies (Bruinsma, 2009) . Although the intensification of crop productivity is an obvious solution to face the challenge of feeding an ever growing population (Binju et al., 2014) , ensuing sustainability problems range from the erosion of biodiversity and soil degradation (Matson et al., 1997) to increasing GHG emissions and global warming (IPCC, 2007) .
A more sustainable approach to boost agricultural production should address the recovery of unproductive soils instead of increasing mechanical and chemical inputs on already cultivated lands. The decrease in crop production due to soil degradation is an increasing concern worldwide. Pimentel (2006) reviewed the global problems caused by soil erosion due to unsustainable agricultural practices. This author highlighted the necessity to preserve and improve soil quality as a critical issue for securing environmental quality for the benefit of future generations. Infertile and degraded soils are mainly characterized by a lower organic matter content leading to a low current and future capacity to produce goods and services (Oldeman, 1992) .
Soil organic matter (SOM) stores a great quantity of carbon, reduces susceptibility to erosion, and provides energy substrate for soil biota. Furthermore, having a positive impact on soil physical, chemical, and biological properties, SOM is also a key indicator of soil quality (Reeves, 1997) . Many agricultural practices, including the adoption of conservation tillage or a more efficient uses of nutrients source, are aimed at increasing SOM in degraded lands (Kimble et al., 2002) . Nonetheless, the most common solution to restore unproductive soils to fertility is to amend them with exogenous organic matter, including compost, manure, peat, and different kinds of organic wastes. Brussaard et al. (2007) suggested that organic amendments are perhaps the most important means of managing biodiversity in soils. In fact, it is well known that quantity, quality, and distribution of organic amendments affect the health and diversity of soil microbial populations. Also, these factors are critical to soil function and ecosystem services, which in turn have implications for soil structure and stability and for the plant system. However, some of these amendments are often expensive or of questionable quality and do not provide farmers with a long-term and efficient response to the need to retain nutrients and water in the soil system. Biochar, a charcoal-like product obtained from thermal treatment of organic matter under a limited concentration of oxygen and a wide range of temperature, has been suggested as a soil amendment able to oppose infertility and degradation (Lehmann and Joseph, 2009 ). Biochar structure, elemental composition, and physical and chemical properties depend on feedstock and production process conditions (Joseph et al., 2010) . Generally speaking, biochars are typically characterized by high carbon content, high chemical and biological recalcitrance conferred by its condensed structure (Lehmann, 2007) , and high porosity and surface area, offering many active sites potentially able to interact positively with the soil-plant system (Ennis et al., 2012) . The use of biochar as a soil improver may increase crop yields, reduce nutrient leaching, improve soil structure, retain soil moisture, and interact with soil microbial activity (Brodowski et al., 2006; Kolb et al., 2009; Laird et al., 2010; Singh et al., 2010; Jeffery et al., 2011) . Additional environmental benefits of applying biochar to agricultural soil include the sorption or stabilization of pesticides and the reduction of GHG emissions. (Jones et al., 2011a; Singh et al., 2010) .
Furthermore, biochar has shown a positive effect on soil microbial communities, and several studies investigated its possible use as an inoculant carrier of beneficial microbiota (Lehmann et al., 2011) . Despite the numerous studies on the impact of biochar on soil biota, the mechanism, its extent, and its overall effects are not yet completely understood. Many authors found that biochar addition to soil can increase microbial biomass and activities (Kolb et al., 2009; Liang et al., 2010; Liu et al., 2015) , as well as the microbial abundance O'Neill et al., 2009 ). On the contrary, Chintala et al. (2014) described negative effects of biochar on the activity of endogenous soil microorganisms, while Anders et al. (2013) identified a shift in soil microbial community. Castaldi et al. (2011) and Watzinger et al. (2013) reported an absence of biochar effects on soil microorganisms.
Biochar seems to have an important role in soil fertility (Glaser et al., 2002) , and the application of biochar as a strategy for managing soil biota is a topic of growing interest. Unfortunately, results are not always consistent (Lehmann et al., 2011) . This study specifically investigated the effect of biochar produced from olive mill pomace on microbial communities and its role as an inoculant carrier for microorganisms.
Materials and Methods
The experiment was performed at the Mediterranean Agronomic Institute of Valenzano (Apulian Region, Southern Italy). Biochar was produced from air-dried olive mill pomace (OMP) by a slow pyrolysis process (1 h at 450°C with heating rate of 10°C min ). Fresh OMP was collected from an Apulian oil mill in November 2013. The commercial compost (Biovegetal N2 Plus) was provided by Biovegetal s.r.l., Bari, Italy. Two soil samples were collected from different sites of the Apulia Region: a siltyloam soil (SiS), with high SOM content, and a poorly productive sandy-loam soil (SaS).
The experimental setup consisted of three main phases: the microbial communities were extracted from compost and from the SiS (first stage). Therefore, this microflora was inoculated into a biochar and then stabilized (second stage). Finally, the inoculated biochars were used as amendment in SaS at two different doses (10 and 30 Mg ha −1 ) (third stage).
Soil samples were sieved to <2 mm and stored for physical and chemical analysis. Particle-size distribution was determined by the pipette method, whereas the textural class was attributed according to USDA classification. Soil pH was measured both in water and saline solution (0.01 M CaCl 2 ) using 1:2.5 ratio (w/v) by a pH meter (Crison, Basic 20) with a combined glass electrode (Crison 52-00). The electrical conductivity (EC) was measured on a soil to distilled water (1:2, w/v) filtered (Whatman grade 42 filter) extract using a conductimeter (XS 510). Soil organic C (OC) was determined according to the Walkley and Black method as described by Nelson and Sommers (1996) , whereas SOM content was estimated by multiplying the OC by 1.724. Total N was measured following the Kjeldahl method as described in Bremner (1996) . The total carbonate content in the soils was determined using a Dietrich-Fruhling calcimeter. Main soil characteristics are shown in Table 1 .
Moisture contents of biochar, OMP, and compost samples were determined by drying overnight at 105°C, and ash contents were measured by heating the biochar samples for 5 h at 750°C. After the preparation of biochar, OMP, and compost, EC (XS 510 conductivity meter) and pH H2O (Crison, Basic 20) were 74.9 ± 2.9 5.2 ± 0.6
Total N, g kg -1
6.3 ± 0.1 0.7 ± 0.1 C/N 11.8 7.4 measured. For biochar samples a ratio of 1:5 (w/v) was used (Schimmelpfennig and Glaser, 2012) , whereas OMP and compost were measured using a ratio of 3:50 (w/v) and 1:10 (w/v) for pH H2O and EC, respectively. Carbon, hydrogen, nitrogen, and oxygen contents were determined by using a combustion- Tables 2 and 3 , respectively.
Aliquots of fresh SiS and compost were put into plastic bags to allow them to stabilize at room temperature for 7 d at 60% of water-holding capacity, and then their extracted viable microorganism cells (Lorch et al., 1998) and microbial biomass carbon and nitrogen (Vance et al., 1987; Wu et al., 1990) were measured. The microflora were separately extracted from stabilized SiS and compost by means of a 1/4 strength Ringer solution containing 0.1% of sodium pyrophosphate. The number of extracted viable microorganism cells was quantified using serial dilutions and the plate count method. The extracted microbial communities were inoculated in different mixtures containing 1/10 strength tryptic soy broth and biochar, and subsequently incubated for 4 d at 20°C in the dark. The biochar microbial load was then measured by the plate count method.
The microbially loaded biochar with SiS microflora (IBS) and compost microflora (IBC) were separately incorporated into the stabilized SaS at two different doses (10 and 30 Mg ha −1 , respectively). Scanning electron microscope analysis (TM 3000, Hitachi, accelerating voltage: 15 kV) of the inoculated biochars and amended soils was performed to determine the presence of a biofilm and the biochar microstructure. The SEM analysis was also performed after the biochar soil inoculation to verify the colonization stage.
All data were statistically analyzed by a one-way ANOVA at 95% confidence levels. The means were statistically compared by using the least significant difference test (LSD test).
Results
As expected, compost harbored a high number of microbial cells, being the result of plate count 9.01 ´ 10 9 cfu g −1 (Table 4) . Despite being characterized by a total organic C content nearly 7.5%, SiS showed a microbial content of 5.63 ´ 10 6 . In terms of microbial biomass, the gap between compost and SiS is largely different from that revealed by the plate count method. Even if compost presented the highest value of biomass C (17858 mg g −1 d.s.) and N (1539 mg g −1 d.s.) the SiS presented a microbial biomass C eight times lower and a microbial biomass N four times lower than compost.
In Fig. 1a , the SEM image of the biochar produced from OMP is exposed. The OMP biochar produced at 450°C under nitrogen flow displays a diffused porosity. Its greatly varying structure makes OMP biochar a suitable carrier for microorganisms. The SEM image (Fig. 1b) , significantly lower than the compost colony forming units, pointing out a decrease in microbial concentration. Nonetheless the amendments of SaS with IBC and IBS seem to have no effect on the total aerobic heterotrophic microflora evaluated with the plate count method. In all the amended SaS treatments the addition of inoculated biochar to soil only slightly Table 3 . The pH, EC, ash content, elemental composition, and atomic ratios of biochar produced from olive oil pomace (OMP). 275.6 ± 1.5
22.0 ± 0.3 C/N 12.5 increased the total microbial counts, and no dose effect was observed, as illustrated in Fig. 2 .
As with the SEM images of IBS and IBC, the SEM images of amended SaS (Fig. 3a,b) suggest the beginning of the microbial colonization process by the presences of extracellular polymeric substances (EPS). Figure 3a shows the presence of EPS on both SaS and inoculated biochar, while Fig. 3b shows the elongation of the EPS from the amended SaS. Despite the results of the microbial count, the ESP presence highlights the early stages of biofilm formation, preparatory for the settlement of microorganisms. Probably a more mature stage would have shown a more pronounced biofilm, covering the substrate, associated with a subsequent microbial colonization.
Microbial biomass C content for all the amended samples indicated a microflora richer than the unamended SaS. As shown in Fig. 4 , the highest value was found in the sample amended with IBS, at the dose of 10 Mg ha −1
. The other biomass C values were not statistically different from each other.
Microbial biomass N content presented the same trend as microbial biomass C. It is interesting to note that the only differences were related to the source of the inoculum and not to the applied dose.
Except for the compost, the microbial C/N ratio did not suggest any significant differences between treatments. Compost only showed a high C/N ratio in the range of the bacterial/fungal population, as expected from the microbial extract of a lignin and cellulosic compounds. As expected, this C/N ratio was limited in transmission to the soil amended with IBC. Pietikäinen et al. (2000) reported that one of the most commonly given reasons for the colonization of biochar is the sufficiently porous physical properties providing a suitable microbial habitat. On the other hand, Verheijen et al. (2010) stated that, while the degree of the response appears to be positively affected by nutrient availability in the amended soils, the attitude of the biochar pore to provide habitat for microorganisms remains largely unknown. Our study proposed that OMP biochar produced at 450°C under nitrogen flow can host microbial communities, as suggested by high concentration of colony forming units for both the IBS and IBC. Fig. 1b confirmed the use as a physical support of the biochar by microbial communities.
Discussion
Scanning electron microscope analysis is an effective way to observe the microbial colonization stage on biochar surface. For example, an extensive microbial colonization was observed in SEM images of naturally aged charcoal fragments (Hockaday et al., 2006) , whereas sparse colonization of biochar after 3 yr in soil was observed by Quilliam et al. (2013) using the SEM analysis. Our SEM images showed the presence of extracellular polymeric substances on both the inoculated biochar and on the amended soils. According to the results reported by Hockaday et al. (2006) , the presence of these substances can suggest an early stage of colonization, and it is reasonable to assume that a more extended incubation time would have produced a more pronounced biofilm and an increased microbial colonization.
Although plate count is a sensitive method, it did not adequately support the results provided by SEM analysis. Plate count did not reveal the real concentration of heterotrophic aerobic microflora in soils due to its large uncertainty, with a recovery rate between 1 and 5% of the microorganisms countable by microscopy technique (Paul and Clark, 1996) . In addition, Riis et al., (1998) emphasized that the efficiency of soil extraction procedures is around 45% of the total soil microflora. A further bias is due to the differential growth on synthetic media of microbes of different sizes, allowing the plate count to make countable cells with a diameter ³0.6 mm more easily distinguishable on agarized artificial substrates. According to our results and in accordance with these references, it is reasonable to conclude that the plate count of the amended soil did not provide sufficiently accurate results, and for future studies the choice of another indicator of the concentration of microbial communities can provide more information. Chintala et al. (2014) reported that the negative correlation between biochar and microbial community may be due to sequestration of degradable substrates in these carbonaceous products that would be needed to promote microbial growth, while Zhang et al. (2014) reported no significant effect of biochar on microbial biomass. On the other hand, the microbial biomass C values (Fig. 4) showed largely different outcomes from that revealed by the plate count method for amended SaS and a more consistent figure of the nature of the considered soils and their organic C content. The effect of biochar on soil C and N microbial biomass is probably more influenced by the nature of the feedstock used and the pyrolysis conditions, which give particular characteristics to the final product (Lehmann and Joseph, 2009 ) beside its quantity. Microbial biomass estimated through the fumigation-extraction method is considered a more reliable technique for measuring the amount of C and N stored in the labile fraction of soil organic C represented by microflora (Setia et al., 2012) and provides good performances for black carbon amended soil .
Even if the amended SaS suggests lower microbial biomass C and N values than the original sources of microbial communities, our results point out a higher microbial biomass in the amended treatment than the unamended SaS. The increase of microbial biomass C and N points out that under our experiment conditions biochar can work as a carrier of allochthonous microbial communities in a new environment.
The microbial biomass C/N ratio (Table 5) is always in the range of a predominant bacterial population in SaS and in IBS, confirming the role of heterotrophic aerobic bacteria as the most active component of soil microbiota. Compost showed a C/N ratio in the range of bacterial/fungal population, as expected from the high heterogeneity of the starting matrix.
To synthesize, the use of only the plate count method was insufficient to correctly describe the microbial communities concentration in soils. Moreover, its accuracy was inadequate to support the results obtained by the SEM analysis and the microbial biomass estimation. On the other hand, the SEM ).
analysis and the microbial biomass C and N describe more precisely the evolution of soil microbiota after biochar inoculation and after SaS amendment. In addition to the methodological discussion, it is possible to conclude that the experimental set up did not provide enough adaptation time for the microbial communities carried by biochar to SaS. Thus, further studies should focus on the third stage to better understand how the exogenous microbial communities carried by biochar can adapt to the new soil and boost its biological properties.
Besides this limitation, our experiment suggested that a biofilm formation on inoculated biochar occurs and that biochar can host microbial communities, as suggested by the high IBC and IBS microbial biomass C and N. The presence of EPS on IBC and IBS amended SaS suggested the early stage of the microbial colonization in the new environment. Furthermore, this outcome is supported by the higher microbial biomass values of the amended SaS treatments than the unamended one.
Conclusions
We reported an increase of microbial biomass C and N, demonstrating a beneficial effect of amendment on the microbial quantity of a SaS. In addition, the microbial EPS noted in the SEM images shows an early stage of colonization, and it is reasonable to expect a more pronounced biofilm covering the substrate following a longer incubation period. According to these results, biochar produced from OMP can be microbially charged and could be an effective mechanism to improve microflora in different soil environments where needed. At the same time a medium-term soil amendment experiment with inoculated biochar would be beneficial to better understand the potential of this technique. Further studies should include a multifaceted point of view to better understand this crucial aspect of the biochar addition to soil.
To conclude this work supports the belief that in some conditions biochar can host microbial communities and that it can carry biota in new environment and provides more information about the very complex issue of possible use of biochar as an inoculant carrier. 
